Abbreviations: ADF, acid detergent fi ber; CP, crude protein; DM, dry matter; IVTDMD, in vitro true dry matter digestibility; MP, morphology; NDF, neutral detergent fi ber; SH, sward height schedule.
S ustained forage production is a key element for successful grazing systems and may be infl uenced by plant diversity in natural grassland ecosystems (Tilman, 2001) . Recent research has investigated the infl uence of forage diversity on pasture production in the northeastern United States (Skinner et al., 2004; Tracy and Sanderson, 2004; Sanderson et al., 2005; Skinner et al., 2006) . Based on the fi ndings of these studies, it is clear that not only the number of forage species is important to sustained forage production, but also the interaction of particular species play a signifi cant role in achieving greater forage productivity (Sanderson et al., 2005; Skinner et al., 2006) . Th us, pasture performance (DM production and nutritive value) could be improved by combining carefully selected forage species.
A challenge that arises in designing diverse pasture systems is the lack of information on how to select and combine forage species for improved DM production . Selecting species based on their individual performance in the prevailing environment and combining them to formulate mixtures for pastures would be an obvious approach. Th e performance of forage mixtures, however, cannot be predicted from individual species performance in a pure stand (Lodge, 2000) . In some countries, there are formal programs for selecting and evaluating forage mixtures (Kessler and Suter, 2005) . Th ere are no such formal programs in the northeastern United States; thus, producers and advisors have limited information on which to base decisions regarding mixture composition.
Th e management of mixed species pastures presents some problems. One disadvantage of forage mixtures is that botanical composition changes with time in response to the environment and grazing management (Belesky et al., 2002 ). Botanical shift s aff ect forage quality, complicating the estimation of the nutritional value of a pasture (Crosthwaite et al., 1996; Belesky et al., 1999; Skinner et al., 2004) . Changes in CP are positively related to the legume content of a mixture, and NDF is positively related to grass content of a mixture (Zemenchik et al., 2002; Deak et al., 2007) . Th us, it is important to maintain the grass-legume balance of swards through grazing management.
Length of rotation cycle, including duration of grazing, residual stubble height, and recovery period, are key to maintaining the grass-legume balance under rotational stocking (Blaser et al., 1986) . Extension advisors in the northeastern United States recommend grazing tall, cool-season grasses when they reach an average of 20-25 cm of sward height, and to stop grazing when the stubble reaches 7.5 cm on average (Hodgson, 1990; Rayburn et al., 1998; Hall, 2004) . On the other hand, alfalfa is recommended to be grazed in late prebud stage in spring, and every 35 d thereaft er (Hall, 2004) . However, recommendations for grazing grass-legume mixtures are not as clear-cut. Th ese recommendations depend on the specifi c components of the grass-legume mixture, season (spring, summer, or fall), and on the grazing system used (continuous stocking or rotational stocking) (Blaser et al., 1986) . Grazing management based on canopy height (following recommendations for cool-season grasses) leads to a decrease in legume content in both simple and complex mixtures because grasses usually reach the target height before legumes reach bud stage . Basing grazing time decisions on the legume developmental stage rather than on the average sward height might maintain the legume content of the mixture. Barbarossa and Miñon (2001) showed that grazing a mixture of orchardgrass (Dactylis glomerata L.) and alfalfa when the alfalfa reached bud stage or basal regrowth of 5 to 7.5 cm increased alfalfa content of the mixture and DM yield during the second and third year. Similarly, Refi and Martin (2001) , working with a mixture of alfalfa (dormancy group 9), tall fescue (Festuca arundinacea Schreb.), bromegrass (Bromus unioloides L.), and white clover (Trifoluim repens L.), found that grazing when alfalfa reached bud stage or basal regrowth of 5 to 7.5 cm and leaving a stubble of 7.5 to 10 cm improved alfalfa content of the mixture.
Th e objective of this study was to evaluate the eff ects of grazing schedule on forage production, nutritive value, and botanical composition of pure grass stands, along with simple and complex mixtures under rotational stocking management. We hypothesized that basing grazing decisions on alfalfa development rather than canopy height would increase legume content of forage mixtures, thereby improving forage nutritive value without aff ecting DM production.
MATERIALS AND METHODS
Six forage mixtures were seeded into tilled 3-by 6-m plots on 24 Aug. 2004 at the Pennsylvania State University Haller Farm, State College, PA. 'Tekapo' orchardgrass, 'Bronson' tall fescue, 'Tonga' perennial ryegrass (Lolium perenne L.), 'Winter' alfalfa, 'Starfi re' red clover (Trifolium pretense L.), 'Jumbo' white clover, and 'Puna' chicory were used in the mixtures (Table 1) . Th e fi rst three forage treatments included a commonly used cool-season grass planted alone or in combination with alfalfa. Th e fourth mixture had the addition of red clover as an alternative to the typical grass-legume mixture. Th e two complex mixtures tested (Mixtures 5 and 6) were combinations of species commonly used in the northeastern United States that have performed adequately in previous research (Sanderson et al., 2005; Skinner et al., 2006; Deak et al., 2007) .
Th e forage mixtures were mob-grazed fi ve or six times per growing season (Table 2 ) with 12 to 14 cow-calf pairs (Bos taurus) of mixed breeds following two grazing schedules: (i) SH grazing schedule: grazing began whenever the mean height of the sward reached 25 cm; or (ii) MP grazing schedule: grazing began whenever the alfalfa reached bud stage. In both cases, whenever the target threshold was reached (either canopy height or bud stage), the cattle were released onto the plots and allowed to remain until the sward height was reduced to an average of 7.5 cm, which took from 8 to 12 h. Average stocking density was 30,000 kg live wt ha -1 . Aft er grazing, the dung was manually removed from the plots and the stubble was mowed so that none of it stood taller than 7.5 cm .
Th e experimental design was a split-plot arrangement of a randomized complete block design with four replicates. Th e grazing schedules were the main plots and forage mixtures were the subplots. Th e seeding density was 1000 live seeds m −2 . Soil tests in April 2004 indicated a pH of 6.4, 52 kg ha -1 of available P, and 498 kg ha -1 of available K in the surface 15 cm using Mehlich 3 (ICP) extraction method. Th erefore, plots were fertilized in August 2004 with 67 kg P ha -1 . Nitrogen was applied only to Treatment 1 (orchardgrass monoculture) split into three applications of 84 kg ha -1 at green-up, aft er grazing in June, and aft er grazing in August for a total of 252 kg ha -1 . Potato leaf hoper (Empoasca fabae H.) was controlled on 1 June 2005, 10 July 2005, 15 June 2006, and 18 July 2006 with lambda-cyhalotrin at 22 g a.i. ha -1 applied to the entire study area.
To estimate herbage mass, each plot was divided in fi ft hs lengthwise. Within each fi ft h, a random sample of 0.1-m 2 quadrat was placed at random and clipped to a stubble height of 7.5 cm within an hour before the cattle were released to graze the plots. Th e fi ve herbage samples from each plot were combined and dried at 60°C for 48 h. Botanical composition was determined for the fi rst and the last harvests of each growing season by hand-sorting a subsample (~150 g) from the combined samples before drying. Botanical composition data were determined as percentage of total DM.
Nutritive value was determined on hand-clipped samples from each harvest. Samples that were sorted for botanical composition were reconstituted and ground to pass a 2-mm screen in a Wiley mill (Th omas-Wiley, Philadelphia, PA) for nutritive analysis. Crude protein, ADF, NDF, and IVTDMD were estimated by near infrared refl ectance spectroscopy at a commercial laboratory (DairyOne, Ithaca, NY). Two sets of forage nutritive value data were analyzed statistically. Th e fi rst data set included the nutritive value at fi rst harvest. We analyzed this data set separately because it would likely show the greatest diff erence between grazing treatments. For the second data set, forage nutritive value data were averaged for each mixture and for each year weighted by DM yield. Th e weighted average for each nutritive value item and each forage mixture was calculated as (using CP as example):
where WACP represents the weighted average of CP (g kg -1 DM), CP i represents the CP concentration (g kg -1 DM) of harvest i, and DM i represents the DM of harvest i.
Statistical Analysis
Dry matter yield, forage nutritive value at fi rst harvest, weighted average nutritive value, and botanical composition data were analyzed with a linear mixed models procedure (PROC MIXED in SAS; SAS Inst., Cary, NC). Th e model included the fi xed eff ects of mixtures, grazing schedule, year, year × mixture, year × grazing schedule, and mixture × grazing schedule. In addition, the model included the random eff ects of replicates and their interaction (second and third order interactions) with the fi xed eff ects. Botanical data were analyzed as a repeated measure over years due to nonsignificant year × grazing schedule and forage mixture interactions. When signifi cant (P < 0.05) eff ects due to forage mixtures and grazing schedule were detected, mean separation was conducted by the PDIFF procedure adjusted for the Tukey option in SAS. (with the exception of May) and below average the remainder of that year (Fig. 2) .
RESULTS AND DISCUSSION

Botanical Composition
Th ere were signifi cant changes in species composition during the two grazing seasons due to grazing treatment (Table 3) . Chicory content increased by 56% under the MP grazing schedule (Table 3) probably because the additional time between grazing events allowed this species to bolt (produce seed stalks; Sanderson et al., 2003) . Perennial ryegrass content of the sward was 70% higher under more frequent grazing in the SH schedule, whereas red clover content decreased by 40% in the MP schedule. On the other hand, grass content of forage mixtures has been shown to increase with increasing defoliation frequency (Skinner et al., 2006) . Contrary to our hypothesis, both alfalfa and orchardgrass content in the sward were not infl uenced by grazing schedule. Th is result contrasts with previous fi ndings in that alfalfa decreased when grazed more frequently (Barbarossa and Miñon, 2001; Refi and Martin, 2001; Deak et al., 2007) . Th e lack of change in the amount of alfalfa between grazing treatments could be explained by the extremely dry weather in 2005 and the somewhat dry year in 2006 compared with the relatively wet years (2003 and 2004 had above-average rainfall) that dominated the study conducted by Deak et al. (2007) .
Mixture complexity infl uenced botanical composition. Grass content was similar among forage mixtures (Table 4) . Legume content was 55% greater in the two-and three-species mixtures compared with the fi ve-and seven-species mixtures. Chicory was only used in the fi ve-and seven-species mixtures, and its content was similar in both. Red clover content was similar in all mixtures (Table 4) . Tall fescue content in the seven-species mixture was less than half that in the fi ve-species mixture.
Th e grass-legume content of the mixtures remained similar during the experiment, but the specifi c compositions of each functional group changed. Th is is the result of an even contribution of DM production among more species as diversity increased. Th is contrasts with previous research, where a few species were responsible for a large proportion of the total DM production in complex mixtures (Sanderson et al., 2005; Skinner et al., 2006; Deak et al., 2007) .
Weed content was not aff ected by grazing treatment (Table 3) . On the other hand, forage mixture infl uenced weed proportion. Th e orchardgrass monoculture without fertilizer N had two to four times the weed content than other forage mixtures (Table 4) . Th e addition of N to orchardgrass decreased weed content by 64% compared with no N. However, the weed content of orchardgrass with N was more than twice that of the seven-species mixture (Table 4 ). Th us, weeds comprised a relatively important proportion of the pure stands, and weed content decreased with increasing plant diversity as others have also noted (Sanderson et al., 2005; Skinner et al., 2006) .
Forage Production
Th e diff erent weather patterns in 2005 and 2006 aff ected the forage treatments; therefore, data are reported separately for each year. Th e grazing treatment × year interaction was not signifi cant; hence, data were pooled across years for analysis. Th e SH grazing schedule produced 30% more DM (6777 kg ha -1 ) compared with the MP grazing schedule (5222 kg ha -1 ) on average.
Forage mixtures greatly aff ected DM production (Table 5 ). For the 2005 growing season, the fi ve-and seven-species mixtures produced more DM than the alfalfa-orchardgrass mixture or an orchardgrass pure stand (with or without N). Th e alfalfa-orchardgrass mixture produced the greatest yield in 2006 (Table 5) . Similarly, Sanderson et al. (2005) found that complex mixtures produced greater yields in dry years compared with simple mixtures, but there were no diff erences among species mixtures in a wet year. In another study performed in the northeastern United States, Skinner et al. (2006) found that both under hay or grazing harvest methods, the complex mixture produced greater DM yields compared with a two-species mixture averaged over four growing seasons. In a New Zealand hill country study, complex mixtures of forages produced more herbage than simple mixtures due to the inclusion of certain plant functional groups (Dodd et al., 2004) . Research performed in Illinois found that complex mixtures of grasses and legumes did not produce greater DM yield than simple mixtures (Tracy and Faulkner, 2006) . Improved performance of complex forage mixtures compared with two-species (grass-legume) mixtures in pastures in the northeastern United States was mainly attributed to the "sampling eff ect" (Sanderson et al., 2005; Skinner et al., 2006; Deak et al., 2007) . Th e "sampling eff ect" theory states that, as the number of species in a mixture is increased, so is the chance of including a highly productive species that will dominate the mixture (Minns et al., 2001 ). In contrast, the "niche complementary" theory states that in heterogeneous environments (both spatial and/ or temporal heterogeneity), diverse species with diff erential competitive ability will perform the best and dominate part of the habitat where conditions are closer to the species optimal growth factors, but no species can fully exploit the entire range of conditions (Tilman, 2001) . Since in the present study the mixtures were not dominated by a single species, niche complementary might have been the mechanism responsible for increased yields. Th e diff erence in operating mechanisms between previous research conducted in the northeastern United States and the present work may be in part because the complex mixtures tested in the current study were composed of the dominant species in the studies conducted by Sanderson et al. (2005) , Skinner et al. (2006) , and Deak et al. (2007) .
It is important to note that the DM yield of the fi ve-and seven-species mixtures was stable over the diverse climatic conditions experienced in 2005 and 2006. In contrast, DM yields increased by 23% for the three-species mixtures and increased 19.7 † 1, Orchardgrass with N; 2, Orchardgrass without N; 3, Orchardgrass-alfalfa; 4, Orchardgrass-alfalfa-red clover; 5, Orchardgrass-alfalfa-red clover-tall fescuechicory; 6, Orchardgrass-alfalfa-red clover-tall fescue-chicory-white cloverperennial ryegrass. ‡ Within rows, means followed by the same letter are not signifi cantly different according to Tukey's mean separation (P < 0.05). § Data within columns does not add to 100% due to the repeated measure procedure used for data analysis over time. Orchardgrass with N 4272b † 7468bc Orchardgrass without N 2636a 5221a Orchardgrass-alfalfa 4378b 8510c Orchardgrass-alfalfa-red clover 5745bc 7082bc Orchardgrass-alfalfa-red clover-tall fescue-chicory 6472c 6624b Orchardgrass-alfalfa-red clover-tall fescue-chicory-white clover-perennial ryegrass 6816c 6772b up to 98% for the pure orchardgrass without N between 2005 and 2006. Th ese results clearly show that complex forage mixtures produce more consistent DM production as a result of their capacity to produce in dry years as noted by others (Sanderson et al., 2005; Skinner et al., 2006) . The use of grass-legume mixtures has been proven an efficient management alternative to the use of inorganic fertilizers (Malhi et al., 2002; Zemenchik et al., 2002) . In the present study, the alfalfa-orchardgrass mixture had comparable DM production to a pure stand of orchardgrass fertilized with 250 kg N ha -1 . Similar results were found by others who have researched the use of legumes as an alternative to inorganic N fertilizer (Berdahl et al., 2001; Malhi et al., 2002; Zemenchik et al., 2002) . Even though in grazing systems nutrients, especially N, are replenished through excreta; our results showed that addition of alfalfa to pure orchardgrass DM yield was comparable with the orchardgrass with N (Table 5) .
Forage Nutritive Value Grazing Schedule
Forage nutritive value at first harvest and weighted average nutritive value data were analyzed separately for 2005 and 2006 due to year × grazing treatment interactions. Additionally, in some instances there were grazing schedule × forage mixture interactions. In the case of such occurrence, data are shown for grazing treatment but were analyzed separately to elucidate how mixtures differentially responded. Results are reported in the forage mixture section.
At the first grazing, in 2005 the SH grazing schedule provided greater CP, IVTDMD, and smaller NDF concentration than the MP schedule (Table 6 ). There was no difference in ADF concentration between grazing schedules during 2005. In 2006, the SH schedule produced herbage of higher nutritive value than the MP grazing schedule (Table  6) ; however, NDF showed a significant grazing schedule × mixture interaction. The differences in nutritive value between grazing schedules can be attributed to a delay in the first harvest of the MP schedule, which allowed some species to be more mature than in the SH schedule (Table  2) . Delaying first harvest has been shown to reduce nutritive value of the forage due to advance in plant maturity (Albrecht and Hall, 1995) . Fewer differences in nutritive value between grazing schedules were found over the entire growing season (weighted average values). However, the SH schedule provided lower ADF and higher CP concentrations in 2006 and 2005, respectively, than the MP schedule. The small differences in forage nutritive value data over the entire growing season between grazing schedules could be a consequence of the small differences in grass-legume ratio between grazing schedules. Others have reported that grass-legume proportion influences nutritive value (Sheaffer et al., 1990; Zemenchik et al., 2002; Deak et al., 2007) .
Forage Mixture
Th e nutritive value of forage at fi rst harvest was infl uenced by both forage mixture and the use of N fertilizer on the orchardgrass. As mixture complexity increased, the nutritive value improved (Table 7) . Th is fi nding contrasts with White et al. (2004) , who found that increasing mixture complexity negatively aff ected CP and IVTDMD, primarily because the legume content was smaller in the high-diversity treatment. On the other hand, Deak et al. (2007) found slight diff erences in nutritive value among mixtures of two to nine species. In another study, simple mixtures produced greater CP only in 1 of 3 yr; however, the mechanism responsible for those results was not clear (Tracy and Faulkner, 2006) . Th e addition of inorganic N to orchardgrass improved nutritive value compared with the orchardgrass without N; nonetheless, an increase in CP concentration was the only signifi cant diff erence noted for both grass monocultures at fi rst harvest and over the entire growing season (Tables 7 and 8 ). Nitrogen increases CP content of cool-season grasses in clipped experiments (Malhi et al., 2002; Zemenchik et al., 2002) ; however, the N eff ect on nutritive value of forages in grazing systems has not been documented. Th e grazing animal accounts for a large proportion of N cycling in pastures hence N fertilization eff ects on nutritive value might be less evident in a grazing system than under cutting. In our case, the addition of N to pure grass under grazing had similar eff ects as those reported earlier (Malhi et al., 2002; Zemenchik et al., 2002) .
Forage nutritive value evaluated over the entire growing season showed that ADF and NDF decreased as number of species in the mixture increased (Table 8) . Additionally, whenever data were analyzed separately for each grazing treatment (NDF in 2005 and IVTDMD in both years) nutritive value of complex mixtures remained similar. Th is suggests a greater fl exibility of complex mixtures in maintaining adequate nutritive value independent of the grazing schedule.
CONCLUSIONS
Contrary to our hypothesis, the SH grazing schedule produced greater DM yield than the MP schedule, which was probably a consequence of weather conditions during the growing seasons. Increasing forage mixture complexity had a benefi cial eff ect on DM production. Th is was a consequence of fewer weeds in complex mixtures and the fact that multiple forage species appeared to temperate climatic 876b 870 † ADF, acid detergent fi ber; NDF, neutral detergent fi ber; CP, crude protein; IVTDMD, in vitro true dry matter digestibility. ‡ Grazed when alfalfa reached the bud stage. § Within a column, means followed by the same letter are not signifi cantly different according to Tukey's mean separation (P < 0.05). ¶ Signifi cant grazing schedule by forage mixture interaction data were subsequently analyzed separately for each grazing schedule.
# Grazed when the sward reached 25 cm in height.
variability. Th erefore, increasing mixture complexity reduced variability in DM yield between years. With exception of the fi rst harvest, neither forage complexity nor grazing schedule aff ected nutritive value. On the basis of this research, it would be advantageous to begin the fi rst grazing of the year based on sward height. Finally, the use of complex mixtures composed of forage species adapted to the environment can be an alternative to binary grass-legume mixtures or grass monocultures in drought-prone environments where consistency in DM production is more important than top forage productivity.
